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Abstract 
In this paper a preliminary tridimensional CFD analysis is carried out for a future realization of a reduced-scale road tunnel 
experimental apparatus of 1/50 equipped with different impulsive fans, traditional and alternative. The alternative jet fan is 
provided of inlet/outlet sections inclined at a fixed pitch angle (D=6°) toward the tunnel floor. Typically, in the experimental 
scale tunnel model the air flow induced by ventilation system is provided by an external fan and fully developed flow field is 
considered. In this paper, the authors have simulated a realistic full and reduced-scale tunnel in order to evaluate the influence of 
ceiling and floor roughness height on the velocity field to identify an appropriate material for a future experimental apparatus.  
The jet fans are simulated as a simple momentum source. The fan is considered to be infinitely thin and the discontinuous 
pressure rise (pressure drop) across it is defined as a function of the air velocity through the fan. In order to create a reduced-scale 
model from a full scale, Froude method is applied to preserve geometrical, kinematical and dynamical similitude. The results, 
provided in terms of axial velocity profiles in different tunnel sections, show the overlapping between velocity profiles of full 
scale numerical model with those of the reduced-scale model, for the both ventilation systems. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of ATI NAZIONALE. 
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1. Introduction 
Road tunnels, usually, are equipped with ventilation systems in order both to provide a good level of safety in 
ordinary service and to prevent the upstream smoke flow and to ensure safe evacuation in case of fire. There are 
three kinds of ventilation systems whose choice is made considering the tunnel length, traffic directions (one-way or 
bi-directional), traffic volume, interaction between smoke plume and tunnel ceil: longitudinal, transverse and semi-
transverse. With the Longitudinal Ventilation Systems (LVS) exhausted air is pushed away from the tunnel entrance 
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and fresh air is pushed into the tunnel through the other tunnel side. This is possible by means impulsive fans (jet 
fan) installed to the tunnel’s ceiling. These longitudinal ventilation systems are usually adopted in one-way road 
tunnel with a length typically less than 3.00 km equipped with traditional fans, with inlet and outlet sections parallel 
toward the tunnel floor. In the latest years, a new kind of jet-fan (alternative jet fan), equipped with inlet/outlet 
sections inclined at a fixed pitch angle (Į) toward the tunnel’s floor, has been introduced to obtain economic 
advantages and energy savings.  
In order to study the alternative jet fan [1] and to compare its performance with that of the traditional fan, realistic 
ventilation systems have been simulated through the CFD analysis [2]. Then, to study the ventilation system, scaled 
model tunnels have been realized in order to reduce costs of the experiments. In literature there are a lot of example 
of scaled tunnel but in every scaled model there is the lack of a ventilation system made up of fans connected to the 
tunnel ceiling. Ingason et al. [3] effected 12 tests on a model 1/23, 10 m long and 0.4 m width; in the model, which 
had a variable height, the flow was produced by an electric fan placed in correspondence of the inlet section of the 
model and contiguous to a plywood box useful to realize a uniform flow at the entrance. Other models have been 
realized using external fan [4; 5], compressed air [6] or wind tunnel [7]. 
In this paper a preliminary tridimensional CFD analysis was carried out for the realization of an experimental set 
up of 1/50 reduced-scale road tunnel model equipped with different impulsive fans, traditional and alternative. The 
alternative jet fan was equipped with inlet/outlet sections inclined at a fixed pitch angle (Į = 6°) toward the tunnel 
floor. Froude method was applied to preserve geometrical, kinematical and dynamical similitude. Due to the 
presence of impulsive fans in the tunnel bore there were simultaneously areas with high air velocity (at the output 
sections of jet fan) and areas with low air velocity, therefore, it was not possible assure both completely dynamical 
and kinematical similitude. In order to preserve the kinematic similitude, slightly different pressure drop was 
imposed in the reduced-scale model from those calculated by Froude method. Preserving the average Froude number 
in the volume (Frav) during the scaling process, the dynamic and kinematic similitude was been quite ensured. The 
simulations were carried out by means a  CFD commercial software FLUENT. 
The authors have investigated the effect of tunnel ceiling and floor roughness height on the velocity field to 
identify an appropriate material to make the experimental apparatus of the tunnel equipped with ventilation systems 
in a reduced-scale model. 
 
Nomenclature 
cp specific heat, kJ kg-1 K-1 YM contribution of the fluctuating dilation in 
DH hydraulic diameter, m  compressible turbulence to the overall 
ǻp fan pressure drop, Pa  dissipation rate
e Average velocity error, % v velocity vector, m s-1
Fr Froude number Greek symbols 
g  gravity acceleration vector, m s-2 Į pitch angle, ° 
Gb Generation of turbulence kinetic energy H turbulent dissipation rate, J kg s-1 
 due to buoyancy, kg m-1 s-3 Ȝ scale factor 
Gk generation of turbulence kinetic energy P turbulent viscosity, Pa s  
 due to the mean velocity gradient, kg m-1 s-3 U density, kg m-3 
HGV heavy good vehicle  Vk turbulent Prandtl number for k 
k kinetic energy, J/kg  VH turbulent Prandtl number for H 
L characteristic length, m Subscripts 
p pressure, Pa av average  
Pr Prandtl number  f  full scale tunnel 
Re Reynolds number fl fluid 
Sfan  momentum source term, N m-3 s model scale tunnel 
T temperature, K  t turbulent   
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2. Methodology 
2.1. Tunnel and ventilation system detail 
The analyzed physical domain is shown in figure 1. It consists in a one-way road tunnel 800 m long, equipped 
with four jet fans arranged in longitudinal ventilation system; all jet fans were placed at 5.60 m above tunnel floor. 
The first and the fourth fan (FAN1 and FAN4), were installed at a distance of 100 m from the entry and exit sections 
of the tunnel, respectively. The horizontal distance between two subsequent fans was equal to 200 m. This spaced 
distance was chosen in order to the momentum provided from a jet fan to the accelerated air (the primary air flow), 
was completely transferred to the tunnel air (secondary air flow) before the fluid had reached the subsequent jet fan. 
Geometrically, the tunnel was composed by four identical modules each 200 m long with a circular cross section of 
radius equal to 5.05 m, as shown in figure 1. The presence of Heavy Good Vehicle (HGV) obstruction (placed at 
450 m from tunnel entrance) was simulated in order to study the kinematic similitude also in presence of fluid 
dynamic disturbances. 
 
2.2. Froude’s scaling procedure 
 
In order to create a scaled model structure, three kinds of similitude have to be preserved: geometrical, kinematic 
and dynamic one. In this study it was been adopted the Froude’s scaling procedure and CFD simulations were 
carried out in order to evaluate this scaling procedure when impulsive fan was considered.  
The reduction scale mainly depends on possibility to preserve fluid dynamic behavior (laminar or turbulent), on 
economic and layout availabilities. For a first analysis, considering the layout availability, it was assumed a 
geometric scale equal to 50, where the geometric scaling factor, indicated with the symbol Ȝ, is given by the ratio 
between the characteristic lengths of the two systems, as presented in equation (1): 
 
 
(1) 
      
 
The dynamic similitude was obtained preserving the Froude number defined (equation 2) as the ratio between the  
Fig.1. sketch of the road tunnel model analyzed. 
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2v inertial forcesFr
gL gravity forces
  

gravity forces and the inertia forces due to the ventilation air flow [7]. 
 
 
   (2) 
 
 
Other non-dimensional numbers should be preserved as the Reynolds number, which characterizes the ratio 
between the inertial forces and the viscosity forces. In practice, it is possible to preserve both characteristic numbers 
only in few cases.  Models, usually, are scaled preserving the Froude number only. As pointed out by Carvel [8] and 
Karaaslan et al. [9] if the scaling factor is not very high, the equality of Froude number is a reasonable approach to 
define similarity between the full scale and reduced scale  tunnel model. 
 
Since, the Froude number has to be preserved in the scale model tunnel as reported in the relationship (3): 
 
          
                   (3) 
 
 
from which 
 
 
                             (4) 
 
 
that is necessary to preserve the Froude number [7]. To scale a pressure it is possible to use the relationship (5), 
for an uncompressible flows: 
    
 
(5) 
 
3. Mathematical model 
 The governing equations, for the fluid region in steady state regime, are time-averaged mass, Navier-Stokes 
and energy equations combined with k-İ realizable turbulence model [10]. For the sake of simplicity, notations 
used in this study neglect the superscript bar usually employed to denote time-averaged dependent variables. In 
following equation model with constant value is reported:   
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The turbulent dynamic viscosity, Pt, is to be predicted from the knowledge of the turbulent kinetic energy, k, and 
the turbulent kinetic energy dissipation rate, H. The transport equations for k and H were formulated using the 
Realizable k-H model. They can be derived from Navier-Stokes equations, but the constants in H equation are derived 
using Realizable theory, as suggested in [11]. The constants in the model are C1H = 1.44; C2 = 1.9; Vk = 1.0; VH= 1.2, 
C1 = max [0.43, KK@with K=S(k/H), C3H= 1 for buoyant shear layers for which the main flow direction is 
aligned with the gravity direction. For buoyant shear layers that are perpendicular to the gravitational vector, C3H= 
0. 
4. Full and scaled model discretization and boundary conditions 
Each module of investigated physical domain was divided in two zones (figures 1 and 2) and different mesh shapes 
were applied: in the zone that include the jet fan and the Heavy Good Vehicle (zone 1, table 1) was adopted a 
tetrahedral mesh type, in the rest of domain (zone 2, table 1) was adopted an hexahedral mesh type. To take into 
account the effect of tunnel ceiling and floor roughness height on the velocity field, for both full and reduced scale 
models, y* equal to 150 combined with the wall standard function was adopted to reduce the computational 
resources [10]. 
 
 
 
 
Table 1. Type and mesh size. 
                                                               
 
 
 
 
Fig. 2. sketch of the road tunnel model analyzed. 
                                                                         
 
The reduced scale model was obtained from full scale reducing both tunnel geometry and the mesh size of 1/50 
factor. In order to find out the boundary conditions for reduced scale model, a preliminary CFD analysis for full 
scale model was been carried out (see table 2). This analysis provided the average velocity value in the tunnel 
volume equal to 3.70 and 3.80 ms-1 for traditional and alternative ventilation systems, respectively.  
In order to preserve the kinematic similitude, average volume velocity values, in reduced-scale model,  vav, m equal to 
0.52 ms-1 and 0.54 ms-1 for traditional and alternative system, respectively, were expected in according to equation 
(4). So, different values of pressure drop and wall roughness for both ceiling and floor was considered. In tables 3 
and 4 the pressure drop and roughness values, obtained by numerical analysis, were reported for both traditional and 
alternative jet fans, respectively.  
 
 
 
 
 
 
 
 
 
Zone Mesh type edge / m 
1 tetrahedral grid 0.3 
2 hexahedral grid 0.4 along x- axis 
Table 2. Boundary conditions for the preliminary CFD 
analysis. 
 
 Full scale 
Solver Pressure based 
Fluid’s material  Air 
Pressure drop  for traditional fan 2300 Pa 
Pressure drop for the alternative fans 1700 Pa 
Fluid temperature 300 K 
Gauge pressure at Inlet  and outlet tunnel section  0 Pa 
Floor roughness,  0.01 m 
Roof roughness 0.03  m 
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                             Table 3. Pressure drop values (Frav) for traditional jet fan. 
 
 
 
 
 
 
 
 
Table 4. Pressure drop values (Frav) for alternative jet fan. 
 
 
 
 
 
 
In the table 5, the boundary conditions imposed in the CFD analysis, obtained by means the preliminary analysis, 
were summarized. Also, the following hypotheses were imposed: 
  
x air properties, considered as an ideal gas, are assumed constant with the temperature and valued at the 
ambient temperature equal to 300 K;  
x the swirl component due to the air flux passage through the fan wheel is neglected; 
x the pitch angle of the jet fan in the simulation represents the real baffle plates; 
x turbulent model: k-H realizable.  
 
 
 
 
 
 
5. Results 
In the following the distribution of x velocity profiles and turbulent intensity fields, predicted for both the full and 
reduced scale models for ventilation systems considered, are presented and the full scale velocity profile has been 
scaled (in according with equation 4)  to highlight the differences with reduced scale numerical model. 
The figures 3 and 4 show the comparison between the velocity profile of scaled and the full scale tunnel in 
different sections, where high gradient velocity occurs for both ventilation systems. The figure 3 shows velocity 
profiles evaluated on symmetry plane (z=0) for different x distances from the HVG, along y axis (from floor y=0 m 
to ceiling y=6.42 m). In particular, the figure 3a shows that the velocity profile of the full scale and reduced scale are 
quite similar for both ventilation systems, in spite of  the high velocity gradients due to the reduction of the cross 
section due to the presence of the HVG. Also, the figure 3a shows the quite fully developed  x velocity profiles 
upstream the vehicle; in this section the velocity profiles are quite overlapped. The figures 3b and 3c show that the 
velocity profile, where high gradient velocity occurs, are slightly different.  
In table 6 are summarized the average x-velocity errors, between full and reduced scale, evaluated by equation 
11; it is possible read that errors in areas far away from to disturbances are ranged in 1.9% to 5.1% and 3.9% to 
5.6% for traditional and alternative systems, respectively. 
Traditional fans  
 'p(Pa) v (ms-1) Roof roughness (m) Floor roughness (m)  Re  Frav 
Full scale tunnel 2300 3.70 0.03 0.01  1.7·106 0.23 
Scaled tunnel  50 0.50 1 .0·10-08 1 .0·10-08 4700 0.20 
64 0.51 0.0015 0.0005 4800 0.21 
 Alternative fan  
 'p(Pa) v (ms-1)                       Roof roughness (m) Floor roughness (m) Re  Frav 
Full scale tunnel 1700 3.80 0.03 0.01 1.8·106 0.24 
Scaled tunnel  42 0.49 1 .0·10-08 1 .0·10-08 4600 0.20 
 46 0.51 0.0015 0.0005 4800 0.21 
Table 5. Boundary conditions.   
 Full scale Reduced scale 
Solver Pressure based Pressure based 
Fluid’s material  Air Air 
Pressure drop  for traditional fan 2300 Pa 64 Pa 
Pressure drop for the alternative fans 1700 Pa 46 Pa 
Fluid temperature 300 K 300 K 
Gauge pressure at Inlet  and outlet tunnel section  0 Pa 0 Pa 
Floor roughness,  0.01 m 0.0015 m 
Roof roughness 0.04  m 0.0005 m 
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where N is the number of cell along y-axix. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Moreover the figure 3 shows that near the vehicle, the reduced scale model equipped with alternative jet fan 
shows higher errors with respect to the traditional ventilation system. The higher difference for alternative systems 
in presence of obstacle on the floor is due to the flow air direction inclined toward the floor.   
The figure 4 shows velocity profiles evaluated on symmetry plane (z=0) for different x distance downstream an 
jet fan position along y axis (from floor y=0 m to ceiling y=6.42 m). In particular, the figures 4a and 4d referring to 
profile on outflow jet fan section show that, for both ventilation systems, the velocity of scaled model is higher than 
full model one in area’s points close to the outflow section; this is due to the greater value of pressure drop chosen 
with respect to that suggested by Froude scaling model. In this case the average errors are 10.8% and 8.8% for 
traditional and alternative systems, respectively. Far away from the jet fan section, the velocity error diminishes 
reaching 0.4% and 4.8%  values for traditional and alternative systems, respectively.  
The figure 5 shows the turbulent intensity field on symmetry plane (z=0) downstream jet fan, in particular the 
comparison between full and scaled model for traditional (a, and b) and alternative (c and d) jet fans is presented.  
As expected, the turbulent intensity values were different for full and reduced scale model because the Reynolds 
number was not preserved in the reduced scale model for both ventilation systems. The figure 5 shows that the 
turbulent intensity field was lower in the reduced scale with respect to the full scale model (one order of magnitude), 
but they presented similar behaviors. 
 
 
 
 
 
 
 
 
1 100x scaled , N  x fully , N
x fully , N
v ve%=
N v
  

¦
Table  6. Velocity average errors between full and scaled model for both ventilation systems.            
Axialdistance

(m)
Average error
roughness0.0015m
(%)
Average error
roughness0.0015m
(%)
Traditional
ventilationsystem
Alternative
ventilationsystem
420 1.9 3.9
430 2.1 4.1
440 2.8 4.4
450 4.4 4.3
460 2.9 6.6
470 4.4 5.6
480 5.1 5.1
490 5.2 4.8
498 9.6 8.7
502 10.8 8.8
512 10.2 16.4
522 9.8 12.6
552 7.3 7.5
602 0.4 4.8
652 3.0 5.6
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Fig. 3. axial velocity profile on symmetry plane (z=0) across HVG for different x-positions, fixed the roughness value and the pressure 
drop (see table 5): comparison between full and reduced scale model for traditional (a,b and c) and alternative (d, e and f) jet fan. 
 
a) x = 420 m
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0.06
0.08
0.10
0.12
reduced scale
 full scale 
b) x=450 m
x velocity / ms-1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
y
/ m
0.00
0.02
0.04
0.06
0.08
0.10
0.12
reduced scale
 full scale 
x velocity / ms-1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
y 
/ m
0.00
0.02
0.04
0.06
0.08
0.10
0.12
c) x=480 m
reduced scale
full scale 
d) x = 420 m
x velocity / ms-1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
y 
/ m
0.00
0.02
0.04
0.06
0.08
0.10
0.12
reduced scale
full scale
e) x = 450 m
x velocity / ms-1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
y
/ m
0.00
0.02
0.04
0.06
0.08
0.10
0.12
reduced scale
full scale
f) x = 480 m
x velocity / ms-1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
y 
/ m
0.00
0.02
0.04
0.06
0.08
0.10
0.12
reduced scale
full scale
 
 
 
Fig. 4. axial velocity profile on symmetry plane (z=0) for different x-positions downstream jet fan fixed the roughness value and the pressure 
drop (see table 5): comparison between full and reduced scale model for traditional (a,c and e) and alternative (b,d and f) jet fan. 
 
a) x = 502 m
x velocity / ms-1
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6. Conclusion 
CFD’s analysis was carried out in order to evaluate the scaling procedure for road tunnel equipped with realistic 
impulsive ventilation systems. A comparison between x-velocity values for full and reduced scale models were 
provided to evaluate the scaling effect on the velocity field.  
Results, in terms of x velocity, showed that reduced scale procedure well predicts the flow field when Froude 
method was applied and properly roughness value were employed. Differences between air velocity values, 
predicted with the full scale model and reduced scale, were larger in areas with high velocity gradient (presence of 
obstruction or zone with momentum source). The average x-velocity errors between full and reduced scale models 
are within 10% for traditional ventilation system and 16% for the alternative, whereas in areas far away from to 
disturbances are up to 5.6%. 
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